The cleanliness of ultrahigh-strength steels (UHSSs) without and with electroslag remelting (ESR) using a slag with the composition of 70% CaF2, 15% Al2O3 and 15% CaO has been studied. Three experimental heats of UHSSs with different chemical compositions were designed, melted in an induction furnace and refined using ESR. Cast ingots were forged at temperatures between 1100 and 950 °C , air cooled and their non-metallic inclusions (NMIs) characterized using field emission scanning electron microscopy and laser scanning confocal microscopy. Thermodynamic calculations for the expected NMIs formed in the investigated steels with and without ESR have been performed using FactSage 7.2 software while HSC Chemistry version 9.6.1 has been used to calculate the standard Gibbs free energies (G°). As a result of ESR the total impurity levels (TIL% = O% + N% + S%) and NMI contents decreased by as much as 46 % and 62 % respectively. The NMIs were classified into four major classes: oxides, sulphides, nitrides and complex multiphase inclusions. ESR brings about large changes in the area percentages, number densities, maximum equivalent circle diameters and the chemical composition of the various NMIs. Most MnS inclusions were removed although some were re-precipitated on oxide or nitride inclusions leading to multiphase inclusions with an oxide or nitride core surrounded by sulphide, e.g. (MnS.Al2O3) and (MnS. TiN). Also, some sulphides are modified by Ca forming (CaMn)S and CaS.Al2O3. Some nitrides like TiN and (TiV)N are nucleated and precipitated during the solidification phase. Al2O3 inclusions were formed as a result of the addition of Al as a deoxidant to the ESR slag to prevent penetration of oxygen to the molten steel.
remelting under a synthetic fused slag containing by weight about 70% CaF2, 15% Al2O3 and 15% CaO. A small amount of Al metal was added to the slag as a deoxidant at the beginning of the ESR process. The ESR ingot was subsequently forged and cooled using the forging parameters mentioned above. Our previous publication [23] gives details about the production methods of the investigated UHSSs, the chemical compositions of the charging materials, and the composition of the slag used in the remelting process.
The ESR machine consists of a power supply with control of the current and voltage, Fig.  1 . The ESR process parameters were: 1200-1500 A, 30-40 V and 4.63 g/s for current, voltage and melting rate respectively. Qualitative and quantitative analysis of NMIs in the forged steels without and with ESR were investigated using two techniques, Laser Scanning Confocal Microscopy (LSCM) together with VK analyzer software and a Zeiss ULTRA Plus field emission scanning electron microscope (FESEM) with an automated particle explorer, INCA software and Aztec software attached to an energy dispersive X-ray spectrometer (EDS).
LSCM-VK analysis was used to provide statistical analysis of NMIs such as counts, sizes and shapes. The main advantages of this technique are that it provides high-resolution images combined with the possibility of investigating large areas in reasonable times.
Automated FESEM-INCA was used to provide statistical analyses of the observed NMIs including counts, sizes and shapes in addition to the chemical analysis of all NMIs. The advantages of this technique are that it allows the automatic collection and processing of chemical and stereological data on NMIs. However, compared to LSCM, it is best suited to the investigation of small areas. The analysis settings were accelerating voltage 15 kV, aperture size 60 µm, working distance 8.5 mm, magnification 1000, minimum particle size 0.5 µm, resolution 1024 x 1024 pixels. All detected inclusions are classified according to their elemental composition according to the rules given in Table 2 . 12 x 10 x 6 mm samples from the three heats of steel were mounted in a conductive phenolic hot mounting resin with a carbon filler to assist with edge retention and FESEM examination. The samples were ground, polished and ultrasonically cleaned in ethanol to remove any dust or particle contamination on the surface of the sample. In order to easily deal with the variation in the NMI shapes, the inclusion size was characterized by calculating the equivalent circle diameter (ECD) according to the following relation [24] :
Two thermodynamic software packages have been used in the current study. FactSage 7.2 [25] together with the databases FSstel, FToxid and FactPS have been used to calculate the predicted inclusion compositions based on the measured chemical compositions of the investigated steels without and with ESR. HSC Chemistry version 9.6.1 [26] has been used to calculate standard Gibbs free energies (G°). 
Figure 1. A schematic diagram of the ESR process

Results and Discussion
Size and frequency of NMIs
A general impression of the degree of cleanliness of the steels processed without and with ESR can be seen in the SEM micrographs in Fig. 2 . For the quantitative evaluations of NMIs using LSCM, thirty images were taken per sample covering a total area of 44 mm 2 . In the case of quantitative SEM studies, 122 fields covering a total area of 7.3 mm 2 were examined. For both LSCM and FESEM examinations, Fig. 3 and Fig. 4 respectively show the number per mm 2 and area percentages of NMIs in the steels without and with ESR.
Figure 2. SEM micrograph of NMIs in UHSS I, II and III without and with ESR
Based on the results from LSCM, ESR reduced the total number of NMIs in UHSSs I, II, III by 43 %, 6 % and 57 % respectively. In all cases, NMIs with an ECD smaller than 6 µm, which have little effect on steel properties and can be ignored according to the standard DIN 50 602 [27] , represent about 94% of the total inclusion counts as compared with 90% without ESR. As is apparent from Fig. 3 , for all steels, the number of NMIs per mm 2 in all size ranges decreased as a result of ESR except the number of NMIs per mm 2 in size range 0-3µm in UHSS II. The latter case is due to the dissociation and erosion of larger NMIs and the re-generation of new smaller ones together with some changes in the impurity levels and alloy elements that make up the inclusions, as discussed further below. Fig. 4 shows that the area percentage of NMIs in all size ranges decreased as a result of ESR in all the investigated steels except in the size range 0-3 µm in UHSSs I and II.
Based on the FESEM results, the total number of NMIs decreased in UHSSs I, II and III by 55 %, 19 % and 62 % respectively. In all cases, NMIs smaller than 6 µm represent about 98 % of the total inclusion counts after ESR as compared with 96 % without ESR. As is apparent from Fig. 3 , for all steels, the number of NMIs per mm 2 in all size ranges decreased as a result of ESR. Fig. 4 shows that the area percentage of NMIs in all size ranges also decreased as a result of ESR in all the steels.
Comparing the results obtained by LSCM and FESEM, there are slight differences between the two techniques, which may result from the differences in the total areas investigated (44 vs. 7 mm 2 ): it was much easier to study large areas with LSCM but, due to its better resolution, the FESEM was better at revealing small inclusions.
There are slight differences in the degree of refining of the investigated steels as measured by the total impurity level (TIL% = S % + N % + O %), NMI area percentages and number densities as can be seen in Fig. 5 . Based on the number density and area fraction of NMIs, it can be concluded that UHSSs I and III have the best degree of refining followed by UHSS II. On the other hand, from Fig. 5 it is clear that removing a small number of NMIs by ESR resulted in a big decrease in the area fraction, which indicates that the removed NMIs were large ones. 
Chemical composition of NMIs
The NMIs in all the investigated steels can be divided into four major classes: oxides, sulphides, nitrides and complex multiphase inclusions. differences are a result of the reactions between the slag and the investigated steels with their different compositions and impurity levels. As a result of ESR and as illustrated by Fig. 6 and Fig. 7 , the area percentage, numbers, and maximum sizes of all complex inclusions in all the steels are decreased by dissolution of all NMIs and re-generation of new smaller ones. Also, there is a large decrease in the area percentage, numbers, and maximum sizes of all sulphides in all steels. Some nitrides with a small area percentage, number and max ECD are precipitated during ESR in UHSSs I and II. The high temperature of the slag increases the possibility for the dissolution of NMIs [27] . So, both the area fraction and number density of oxides are increased by ESR due to the dissociation and dissolution of complex inclusions and the precipitation of small oxides due to the addition of the Al deoxidant. The behavior of NMIs in electroslag refining is related to the different interfaces found in the process, i.e. the slag-air, slag-electrode, slag-droplet and slag-metal pool interfaces as illustrated in Fig. 8a . The slag-electrode interface is the most important position in the ESR process as most of the NMIs are removed there [28] . Details concerning the chemical compositions of the NMIs and their distributions, area fractions, relative numbers and maximum sizes without and with ESR are given in Fig. 9, Fig. 12 and Fig. 14 . (1) and (2) . The area fraction and total number of pure MnS are reduced in refining by 88 % and 78 % respectively and the maximum diameter is reduced from 15 to 5 µm.
During solidification, sulphides nucleate and grow on some oxide or nitride inclusions leading to multiphase inclusions with an oxide or nitride core surrounded by sulphide, e.g. (MnS.Al2O3), (MnS.TiN.Al2O3) as shown in Fig. 10 a and b . Other types of multiphase inclusions that are seen in small numbers, area fractions and maximum ECDs are TiON) . The precipitation of sulphide inclusions on oxides is commonly observed [29] [30] [31] . Kim et al. [16] concluded that increasing cooling rate reduces the incidence of MnS precipitation on oxides. In addition to pure MnS, a small amount of MnOS is re-precipitated during ESR, but with a lower number per mm 2 , as well as a lower area fraction and diameter. Also, some sulphides are modified by Ca, e.g. forming (Ca. Mn) S and (CaS.Al2O3).
It is well known that the reaction between CaF2 and Al2O3 according to equation (2) leads to the formation of CaO which in turn, according to equation (3), can convert Al2O3 to xCaO.yAl2O3 inclusions that are softer and have a lower melting temperature than Al2O3 [22, 32] .
(3) [33] and the addition of Al metal allow the reduction of TiO2 through an exothermic aluminothermic reduction reaction [34, 35] as in equation (4) . Subsequently, once the Ti reaches the molten metal pool, TiN, (TiV)N and TiO2 are formed thereby explaining the presence of these types of inclusions in the ESR material while they are absent from the IF material. The spontaneity of the reaction presented in equation (4) was studied with thermodynamic calculations. The effect of aluminium and titanium activities at 1800 °C is illustrated in Fig.  11 , in which the value of -305335 J/mol was used for the standard Gibbs free energy of the reaction, G 0 (4), as obtained from the software HSC Chemistry [26] version 9.6.1.
Figure 11. Equilibrium of reaction (4) at 1800 °C as a function of the activities of aluminium and titanium and their oxides. In the top left-hand corner, reaction 4 goes left to right, while in the bottom right-hand corner it goes from right to left
The thick black line in Fig. 11 illustrates the boundary in which the reaction presented in equation (4) is in equilibrium at 1800C. It is calculated assuming that both titanium oxide and aluminium oxide are pure substances; i.e. their activities unity. This represents the case in which Al2O3 and TiO2 exist in their own stoichiometric phases within the steel system; e.g. as inclusions. To the left of this line, reaction (4) is spontaneous from left to right, i.e. aluminium reacts with titanium oxide to produce titanium and aluminium oxide, and vice versa to the right of the line. Lowering the activity of titanium oxide (red lines in Fig. 11 ) transfers the boundary to the left. On the other hand, lowering the activity of aluminium oxide (blue lines in Fig. 11 ) transfers the boundary more to the right. Fig. 11 also shows the activities of aluminium and titanium in the molten steel at 1800 °C for the six chemical compositions shown in Table 1 . They were calculated with FactSage version 7.2 and its FsStel database. The open markers refer to compositions before ESR, whereas filled markers refer to compositions after the ESR. It can be seen that the activities of titanium and aluminium are in the area in which reaction (4) should occur spontaneously from left to right.
During the droplet formation at the tip of the electrode and due to the high temperature, hard and large oxide inclusions occupying large area fractions in UHSS I without ESR like (Al2O3.SiO2), (MnO.Al2O3.SiO2), (MnO.SiO2), (CaO.MnO.Al2O3.SiO2), (MnS.Al2O3.SiO2), (MnS.SiO2) were removed completely by dissolution [27, [36] [37] [38] after which the dissolved elements converted to other modified inclusions with a lower melting point such as xCaO.yAl2O3 during cooling and solidification. This is in line with the observations of several other studies [39] [40] [41] [42] [43] [44] that have shown that most oxide inclusions in the consumable electrode are removed before the metal droplets reach the molten metal pool. This dissolution mechanism was confirmed by the chemical compositions of the NMIs in the refined ingots, which were completely different from the NMIs in the consumable electrodes.
During the ESR process, at the slag-air interface, there is a continuous chemical reaction between the slag and oxygen in the air. Also, oxidation happens at the molten liquid film which forms on the tip of the electrode. To prevent atmospheric oxygen from entering the molten steel and to reduce the iron oxide formed, Al deoxidant was added to the ESR slag to bind oxygen according to the following reactions:
Reaction of added aluminium metal with atmospheric oxygen:
Reduction of iron oxide in the liquid metal film:
As can be seen from Fig. 15 a below, with ESR most alumina inclusions are less than 3 µm in size. Similar observations were made by Li et al [28] . The reason for this is that most of the Al2O3 generated in the liquid metal film is dissolved in the slag and the small amount of Al2O3 remaining within the droplet has no time to grow due to the short contact time between the slag and liquid metal film and due to high cooling rate in the ESR process which reduces NMI growth rates. Table 1 shows that Al concentrations were increased as a result of ESR. This is undesirable, so further studies should be performed in order to reduce the total oxygen level without any increase in the Al concentration. Wang et al [45] concluded that the cleanliness of H13 ingots improved after adding aluminum during P-ESR due to a reduction in the number and size of NMIs. Typical CaO.MnO.Al2O3.SiO2 inclusions in the consumable electrode were converted to Al2O3 particles in the P-ESR ingot. The results agreed with the results obtained by Zuzek et al [46] who stated that ESR of 51CrV4 spring steel produced by conventional continuous casting leads to a slight reduction in the concentration of impurities like S and P and other alloying elements, but it caused the appearance of some Al2O3 inclusions and an increase in the total Al concentration from 0.006 % to 0.025 %. Also, Shu et al [47] concluded that the NMIs in the consumable electrode of die steel divided into large (MnCr)S and other large inclusions showing Al2O3 cores surrounded by (MnCr)S. All of these inclusions were removed by ESR except pure Al2O3 particles about 1 µm in size. These results were in agreement with those of Dong et al [22] who concluded that the main NMI observed in die steel is Al2O3 after ESR using conventional slag with the chemical composition 70% CaF2, 30% Al2O3.
Some newly formed NMIs are removed during ESR by their floating up to the interface between the molten metal and the slag and then being absorbed by the slag, but this depends on the size of the NMI and the flotation velocity, which must be higher than the speed of the solidification front [39] . Despite their higher flotation velocities not all the large inclusions are removed in this way as illustrated in this study.
A sharp decrease in the area fraction, relative amount and maximum diameter of MnS inclusions as a result of ESR was observed in UHSS II as shown in Fig. 12. However, From Fig. 15 , it can be seen that 98% of the total detected pure Al2O3 inclusions are smaller than 6 µm for UHSS I while the corresponding percentages for UHSS III and UHSS II 97% and 95% respectively. Measured this way, the best degree of refining is obtained with UHSS I and III followed by UHSS II. 
Thermodynamic Calculations
With the software available, it was not possible to calculate slag -steel equilibria because the software was not applicable to slags with high CaF2 contents. However, using FactSage 7.2 [25] with various databases (FSstel, FToxid and FactPS) it was possible to calculate the expected NMI compositions based on the chemical compositions of the steels in Table 1 , as shown in Fig. 16 . Fig. 16 shows that in all cases, in agreement with the results presented above, the predicted amount and types of NMIs should decrease as a result of ESR due to the slight change in the chemical composition of the steel and the reduction in the level of impurities. However, the chemical compositions of some of the predicted types of NMIs after ESR are slightly different from the observed NMIs. For example, AlN and Ti(CS) which were predicted in the thermodynamic calculations are not found experimentally. This is because of the effect of the slag that is omitted from the calculations. During the ESR process, due to the high affinity of Al to oxygen, the oxygen in the slag consumes most of the Al added to form Al2O3 in the liquid steel. Therefore, more N is available for the formation of TiN. During solidification, MnS nucleate and grow on some oxide or nitride inclusions such as Al2O3 and TiN leading to the multiphase inclusions MnS.Al2O3 and TiN.MnS. The figure shows that the mass fraction of MnS, which represents the main NMIs in the IF material, is reduced as a result of ESR. Titanium oxide and all the predicted complex NMIs such as manganese aluminate, manganese aluminum silicate and molten inclusions are predicted to be removed completely as a result of ESR. Molten inclusions refer to inclusions in the molten state at the calculation temperatures. They are rich in Mn, Al and Si and O with other impurities e.g. S and light elements e.g. Ti.
Figure 16. Thermodynamic calculations of the expected NMIs in the investigated steels without and with ESR
Their compositions varied significantly with temperature, so it is preferable to call them molten inclusions without exact stochiometric chemical compositions.
Conclusion
With the aim of obtaining good combinations of strength and toughness, three ultrahighstrength steels containing different amounts of C, Cr, Ni, Mn and Si have been melted in an induction furnace and then refined using ESR technology with a slag based on CaF2. A detailed investigation of the original and secondary non-metallic inclusions in bars forged from the induction melted ingots and the ESR ingots has been made. The following conclusions can be drawn. . Small Al2O3 particles were formed in the steels as a result of an addition of Al to the slag at the beginning of the ESR process for deoxidation and protection of the molten metal pool from attack by atmospheric oxygen. Up to 98 % of the particles have equivalent circle diameters less than 6µm. Also, adding Al to the slag led to an increase in the total Al content of the ESR ingots. 5. Thermodynamic calculations show good agreement with the experimental results. The predicted mass fraction of MnS inclusions, which represent the main NMIs, decreases as a result of ESR. Silicon oxides and all predicted complex NMIs such as manganese aluminum silicate and molten inclusions are predicted to be completely removed as a result of ESR. 6. The effect of ESR on the cleanliness of the investigated steels not only depends on the process parameters but also on the chemical compositions and total impurity levels in the consumable electrode. 
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